Photoprotection from harmful ultraviolet (UV) radiation exposure is a key problem in modern society. Mycosporine-like amino acids found in fungi, cyanobacteria, macroalgae, phytoplankton, and animals are already presenting a promising form of natural photoprotection in sunscreen formulations. Using time-resolved transient electronic absorption spectroscopy and guided by complementary ab initio calculations, we help to unravel how the core structures of these molecules perform under UV irradiation. Through such detailed insight into the relaxation mechanisms of these ubiquitous molecules, we hope to inspire new thinking in developing next-generation photoprotective molecules.
I dentification of ultraviolet radiation-absorbing molecules within natural environments 1−4 has led to elevated interest into their relative photostabilities 5−8 as they can play a crucial role in photoprotection. Two such classes of natural photoprotective molecules are mycosporines and mycosporine-like amino acids (herein referred to as MAAs). 1, 9 Such molecules are ubiquitous in nature commonly found in fungi, cyanobacteria, macroalgae, phytoplankton and accumulated through ingestion in high-order animals. 1, 10, 11 Furthermore, they are used as active ingredients in commercial sunscreen products. 12 MAAs exhibit a strong absorption band in the UVA/UVB region of the electromagnetic spectrum (400−315 nm UVA, 315−280 nm UVB). They share a common cyclohexenone or cyclohexenimine core, with their additional functional groups determining the specific absorption maximum. While many articles exist exploring the presence and extraction of MAAs, 4,13−16 experimental information pertaining to their ultrafast photophysics and photochemistry within the first few picoseconds following photoexcitation is, to the best of our knowledge, lacking. This information, along with complementary studies of longer (nanosecond) temporal duration, 11, 17, 18 can provide greater insight into the molecules' ability to provide photoprotection.
Recent ab initio calculations on porphyra-334 and palythine, two commonly found MAAs, suggest that after UV absorption, these MAAs undergo a rapid internal conversion to the electronic ground (S 0 ) state. 17, 19 This leads to effective dissipation of the UV photon energy as heat. These conclusions have been corroborated through photoacoustic calorimetry studies, which demonstrate that a significant amount of photon energy (greater than 90%) is delivered to the surrounding environment, 17, 18 reducing the probability of potentially dangerous photoreactions occurring. Analogues of several MAAs have been recently suggested as suitable synthetic replacements in commercial products and studied both through steady-state absorption measurements and theoretically, 20 as extraction or synthesis yields only small quantities of the natural MAAs. 1, 21, 22 Indeed, the recent theoretical work has explored the excited-state potential energy landscape of a selection of model MAA analogues. 20 These studies indicate that upon photoexcitation of molecules containing a cyclohexenone core, the population travels along the excited-state potential before becoming trapped within the excited-state minimum. For those that have a cyclohexenimine core, photoexcitation to the first excited-state is followed by rapid relaxation along an out-ofplane flexing motion, leading to an accessible conical intersection (CI) promoting ground-state repopulation, consistent with previous theoretical studies on palythine. 19 To shed further insight into these excited-state decay pathways, we employed femtosecond (fs) time-resolved transient electronic (ultraviolet−visible or UV−vis) absorption spectroscopy (TEAS) combined with a molecular "bottom-up" approach, 23 to study simplified chromophore subunits (i.e., motifs) of MAAs. The systems we have chosen to act as analogues are 3-aminocyclohex-2-en-1-one (termed ACyO) and (Z)-N-(3-(butylamino)-2-methylcyclohex-2-en-1-ylidene)butan-1-aminium 4-methylbenzenesulfonate (termed NN), and both are shown as insets in panels a and b of Figure 1 , respectively, alongside their steady-state absorption spectra. These molecules present core structures similar to that of MAAs (Figure 1c,d) , and similar species have been explored computationally for their photoprotection capabilities. 20 We shall first focus on the transient absorption spectra (TAS) of ACyO in the polar solvents acetonitrile and methanol ( Figure 2 ). We note here that measurements were also carried out in dioxane, a weakly perturbing, nonpolar solvent, which revealed similar dynamics (see the Supporting Information). We begin with a discussion of ACyO (Figure 2a ) in acetonitrile, an aprotic polar solvent. Upon photoexcitation at the absorption maximum (λ max = 272 nm; Figure 1a ), the initial TAS in acetonitrile (pump−probe time delay (Δt) < 6 ps) displays a broad excited-state absorption spanning from 340 to 600 nm. As Δt increases, the excited-state absorption feature begins to blue shift and narrow, centering at 370 nm with increased intensity. This feature persists to the maximum available Δt of our measurements, which corresponds to 2.5 ns. The TAS of ACyO in methanol ( Figure 2b ; λ max = 285 nm, Figure 1a ), a protic polar solvent, displays markedly different features from those of the ACyO in acetonitrile (vide supra). After initial photoexcitation, the first feature is an intense excited-state absorption peaked around 350 nm which is shortlived (Δt < 1 ps). This short-lived excited-state absorption decays within the first picosecond, leading to the TAS approaching near baseline. Finally, a second, less intense, excited-state absorption feature centered at 400 nm grows in after Δt ∼ 10 ps, which then persists to the maximum Δt of 2.5 ns.
In comparison to the TAS of ACyO in acetonitrile and methanol, the TAS of NN, both photoexcited at 328 nm ( Figure 1b ), do not (visibly) display a dependence on solvent, as evidenced in Figure 3 . In addition to a large coherent artifact around Δt = 0 (intense negative feature), the TAS in each solvent show an excited-state absorption, centered at 350 nm (Figure 3a ,b), which initially extends to 400 nm then narrows and returns to baseline within 15 ps. Mildly visible in the TAS is a ground-state bleach centered at 340 nm at early time (<1 ps), along with a stimulated emission from 400 nm to the end of the probe region (680 nm). A weak absorption is also visible for the maximum Δt (2.5 ns) centered at 390 nm. These latter features are more apparent in the evolution associated difference spectra (EADS), Figure 3c ,d, discussed below.
In order to obtain quantitative insight into the relaxation processes in operation, a global fitting technique using the software package Glotaran 24 was employed on the TAS of ACyO and NN in acetonitrile and methanol. Each TAS was fitted to a sequential model
. The extracted time constants, τ n , describing the timescale for each step in the relaxation process, are shown in Table 1 . The corresponding EADS are also shown in Figures 2 and 3 . The quality of each fit was evaluated through the associated residuals and are presented in the Supporting Information. 
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We now assign processes to the dynamical time constants starting with ACyO in acetonitrile. We use previous studies to aid our discussion, where appropriate. Ab initio calculations 25 have shown that excitation at the absorption maximum, a 1 ππ* transition, leads to population of the first singlet excited-state (S 1 ). From the EADS presented in Figure 2c , we see that the broad excited-state absorption described by τ 1 at early time is sensibly consistent with a vibrationally hot S 1 population, which undergoes vibrational energy transfer, both intramolecular and intermolecular (to the solvent), with a time constant of τ 1 ≈ 3 ps. The now narrower EADS associated with τ 2 is assigned to a vibrationally cold population trapped within the minimum of the S 1 excited-state, which persists beyond the temporal duration of the experiment (Δt = 2.5 ns). In keeping with recent theory calculations mapping the potential energy surface of the excited-state of cyclohexenone units, we thus propose that as the molecule moves along the S 1 potential energy surface, from the initially populated Franck−Condon region, sufficient energy is lost to the surrounding solvent environment such that the excited-state population is energetically removed from the CI and thus trapped on the S 1 minimum. 20 We draw confidence in this comparison through complementary calculations we have carried out (see the Supporting Information for details). Importantly, our complete active space self-consistent fields calculations at critical points along the S 1 surface (S 1 minimum and S 1 /S 0 CI) reveal that mild modifications to the geometric structure (absence of methyl on the nitrogen, Figure 1a ) appear to have little effect on the electronic structure (see the Supporting Information for details), adding credence to the comparison between the present experiment and previous theory. 20 ACyO in methanol displays different features in the TAS at early Δt and requires three time constants to model the TAS. The corresponding EADS are shown in Figure 2d . The first EADS associated with τ 1 (330 fs), which has an excited-state absorption feature peaking at 350 nm, can likely be attributed to a fast geometry relaxation on S 1 , along with any solvent rearrangement. With regard to the second EADS, associated with τ 2 (3.4 ps), we attribute this to excited-state population vibrationally cooling, via vibrational energy transfer, as it traverses along the excited-state potential, ultimately finding its way to the minimum of the S 1 . This population persists with a time constant (τ 3 ) greater than the maximum Δt of our experiment.
Two points are worthy of note with regard to the EADS collated for ACyO in methanol. First, the EADS associated with τ 3 is far less intense than the EADS associated with τ 1 (cf. when using an aprotic solvent, the opposite is the case). We surmise this is likely due to the stronger perturbations to the electronic structure, induced by the protic solvent, which will inevitably modify the excited-state absorption accordingly. Second, the need for an intermediate (τ 2 ) dynamical component again highlights the perturbation induced by the protic solvent. One could speculate that following evolution from the Franck− Condon region, the excited-state population encounters a region on the potential energy surface where the excited-state absorption drops considerably, or there is strong excited-state absorption and stimulated emission in competition (we see evidence of the latter in the EADS (τ 1 )). This leads to almost baseline recovery in the TAS for ACyO in methanol ( Figure  2b ) observed between 1 and 5 ps (i.e., during vibrational energy transfer). This competition of excited-state absorption and stimulated emission could also artificially reduce τ 1 , over the region. Once out of this region, the stimulated emission decreases, or the excited-state absorption increases (or both) across this spectral region.
We finally conclude our discussion on the ACyO data by noting that for both aprotic and protic solvents, we would anticipate radiative decay from a long-lived excited-state, however, none was observed. The calculated gas-phase transition dipole moment between the S 1 minimum and ground electronic state (S 0 ) was determined to be 0.0019 D, which sensibly agrees with the absence of any fluorescence signature.
Global fitting of NN in acetonitrile and methanol required three time constants with associated EADS shown in Figure  3c ,d; the time constants are also shown in Table 1 . The EADS associated with τ 1 (≈500 fs in both solvents) consist of a ground-state bleach centered on 340 nm and an excited-state absorption peaking at 375 nm along with a shallow stimulated emission (approximately 400−680 nm). The dynamical processes responsible for these EADS are assigned to NN The Journal of Physical Chemistry Letters Letter undergoing a fast geometry relaxation on S 1 , along with excitedstate population traversing through the S 1 /S 0 CI. The time constant (τ 1 ) for this EADS compares judiciously to dynamical calculations reported for similar type systems. 20 One might expect the stimulated emission to red-shift, as the excited-state population traverses the S 1 potential energy surface on route to the CI. Such a red-shift is potentially observable from the TAS. However, the presence of the excited-state absorption at early times (positive feature at 375 nm) and its evolution as excitedstate population moves toward the CI, likely obscuring this redshift. This limits our ability to confidently track population-flow along the S 1 surface. The second EADS associated with time constant τ 2 (= 2.49 ps in acetonitrile and = 1.52 ps in methanol) are attributed to vibrational cooling, via vibrational energy transfer, of the vibrationally hot (now) S 0 state. From the TAS in Figure 3a ,b, this is clearly manifested as a characteristic blue-shift of the absorption feature, as the excitedstate absorption returns to baseline. 26, 27 The final EADS associated with time constant τ 3 describe the evolution of a weak excited-state absorption. This excited-state absorption may be reconciled by invoking a long-lived triplet state, or the appearance of a photoproduct. 8, 18 To summarize, the excited-state dynamics of ACyO in both aprotic (acetonitrile) and protic (methanol) solvents show that a long-lived S 1 state persists beyond the maximum Δt of the experiment and is assigned a time constant ≫2.5 ns. At early time delays, the spectral responses differ between ACyO in acetonitrile and methanol, the former showing vibrational cooling to a minimum of the S 1 potential in 2.8 ps, while in the latter, the initial time constant of 330 fs is attributed to geometry relaxation and solvent rearrangement, followed by vibrational cooling within 3.4 ps, again leading to a long-lived population in the S 1 minimum. This is consistent with our own, as well as previously reported theoretical work. 20 Combined, this suggests that excited-state properties of cyclohexenonebased systems prevent effective repopulation of the electronic ground state on an ultrafast time-scale due to the S 1 /S 0 CI being energetically inaccessible (see the Supporting Information). This is schematically shown in Figure 4a . These results imply that cyclohexenone-based systems should perform poorly as a photoprotective molecule because of the long-lived excitedstate, increasing the likelihood for potentially harmful photochemical reactions. 28 However, prior studies on gadusol, mycosporine-glycine, and mycosporine-glutaminol-glucoside, all of which have a cyclohexanone core, demonstrate a high level of photostability. 29−31 This is likely due to the absence of a localized energy minimum in the S 1 state before the S 1 /S 0 CI, as seen in gadusol, 32 and evidenced in the present studies on NN. Therefore, the photostability of cyclohexenone-based systems is due to additional functional groups present, rather than an intrinsic property of the cyclohexanone core. We add here the potential importance of the methoxy group at the ortho position (Figure 1c,d) , as many MAAs possess this functionality at this position. 9 Such a finding therefore lends itself to further studies exploring the degree of functionalization (as well as the nature of the functionalities) required to induce photostability to the cyclohexenone core.
In comparison, NN displays electronic excited-state dynamics which are largely independent of solvent environment. From the initial photoexcited population, the system returns to a vibrationally hot S 0 state in ≈500 fs. Once in the vibrationally hot S 0 state, the timescales for vibrational relaxation, via intermolecular energy transfer to the solvent, do display a dependence upon the solvent environment. The timescale for this vibrational relaxation is shorter in methanol (1.52 ps), a hydrogen-bonding donor and acceptor, compared to acetonitrile (2.49 ps), which is only a hydrogen-bonding acceptor. Interestingly, this correlates well with recent work by Koizumi et al., which demonstrates that hydrogen bonding to the solvent (water) plays a vital role in vibrational relaxation of porphyra-334. 33 This is once again shown schematically in Figure 4b . The remaining photoexcited population persists for the duration of the experiment, either as a populated triplet state or through the formation of a (likely low quantum yield) photoproduct. We add here that the short time scales for vibrational energy transfer in NN may be a consequence of its charged nature, which will inevitably influence NN−solvent interaction. Importantly, the presently reported dynamics of NN show promising properties as a future species of an ultravioletabsorbing compound. Furthermore, this work also highlights the need to extend these measurements to MAAs themselves, experiments which are currently underway in our laboratory.
■ EXPERIMENTAL METHODS
Samples of ACyO were obtained from Alfa Aesar (95% purity) and prepared in 10 mM concentrations in all solvents (methanol, Fisher Scientific 99%; acetonitrile, Sigma-Aldrich 99%) without any further purification. NN was synthesized following a previously reported procedure, 20 briefly described here. To 10 mL of n-butylamine (all Sigma-Aldrich) were added 1 mM 2-methyl-1,3-cyclohexanedione and 1 mM ptoluenesulfonic acid monohydrate, and the mixture was then refluxed under N 2 for 48 hrs. The resulting solution was concentrated under vacuum and purified through crystallization from CH 2 Cl 2 and washed with sequential washes of n-hexane. Samples were confirmed through previously reported NMR spectra. 20 TEAS measurements were recorded at the Warwick Centre for Ultrafast Spectroscopy (WCUS: go.warwick.ac.uk/WCUS) using the following experimental apparatus. The sample was delivered to the interaction region through a demountable liquid cell (Harrick Scientific Products Inc.) at a sample thickness of 100 μm, placed between two CaF 2 windows, and pumped through the cell using a diaphragm pump (SIMDOS 02) at a sufficient rate to ensure that a fresh sample was interrogated at each laser shot. Femtosecond 800 nm pulses (12 W, 1 kHz) were generated by a commercially available, Tisapphire regenerative amplified laser system (Spectra-Physics, Dual Ascend Pumped Spitfire Ace) seeded by a Mai Tai (Spectra-Physics). The beam is split into four fractions of approximately equal power, each one having a separate recompression grating. One of these beams (3.5 W) was split once more and utilized to generate the pump and probe beams 
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Letter for the experiments presented here. A 2.5 W fraction seeds an optical parametric amplifier (Topas-Prime with UV extension, Light Conversion) allowing variability in pump wavelengths to produce a pump beam of 272−328 nm at approximately 600 μW, which is then focused past the sample cell to give a beam diameter of 500 μm at the sample region. To ensure linearity on photon dependence during the TEAS measurements, pump power dependence studies were undertaken (see the Supporting Information). The probe pulses are generated by focusing 5% of the remaining 1 W, 800 nm fundamental beam, which is further attenuated and irised, into a vertically translated CaF 2 window, generating a white light continuum (330−680 nm). The relative polarization between pump and probe pulses was held at magic angle (54.7°) to negate dynamic contributions from molecular reorientation. Pump−probe delays ranging from −1 ps to 2.5 ns are achieved by translating a hollow gold retroreflector on a motorized optical delay line in the probe path (Newport M-IMS500CCHA). Changes in optical density were calculated from the measured probe intensities, collected using a fiber-coupled spectrometer (Avantes, AvaSpec-ULS1650F). Collected TAS were chirp corrected using the KOALA package. 34 Steady-state UV−vis measurements were carried out on a Lambda 850 spectrophotometer using a quartz cuvette with a 1 cm path length. 
